A global single-sheeted double many-body expansion potential energy surface is reported for the first excited triplet state of NH 3 . It employs an approximate cluster expansion of the molecular potential that utilizes previously reported functions of the same family for the triatomic fragments. Four-body energy terms have been calibrated from extensive accurate ab initio data so as to reproduce the main features of the title system. A new switching function formalism has been reported to approximate the true multisheeted nature of NH 3 ( 3 A 2 ) potential energy surface, thus allowing the correct behavior at the NH 2 ( 2 A ) + H( 2 S) and NH 2 ( 4 A ) + H( 2 S) dissociation limits. The resulting fully six-dimensional potential energy function reproduces the correct symmetry under the permutation of identical atoms, and predicts the correct behavior at all dissociation channels while providing a realistic representation at all interatomic separations. The major attributes of the NH 3 double many-body expansion potential energy surface have also been characterized, and found to be in good agreement, both with the calculated ones from the raw ab initio energies and the theoretical results available in the literature.
I. INTRODUCTION
Ammonia is an important intermediate in atmospheric chemistry and combustion processes, and a prototype pyramidal molecule that provides a benchmark system for theoretical spectroscopic models. The ground state of NH 3 has been extensively studied. 1 29 reported the ab initio calculations using the variational transition state theory for the NH 2 + H H 2 + NH hydrogen abstraction reaction on the triplet potential energy surface (PES). Moreover, the two-dimensional PESs have been obtained by Mänz et al. , 30 but their particular attention has been only paid to the two-dimensional PESs in symmetric stretching and out-of-plane bending coordinates and to the NH 2 + H dissociation path. Thus, no global PES has so far been reported for the 3 A 2 state of ammonia. Such scarcity of electronic structure calculations on the full six-dimensional configuration space of 3 A 2 state has prompted us to model a global PES for the title species using double many-body expansion (DMBE) theory. [31] [32] [33] This approach has been successfully applied to a wealth of triatomic systems (includa) E-mail: yqli@lnu.edu.cn. b) E-mail: mtsun@aphy.iphy.ac.cn. c) E-mail: fcma@lnu.edu.cn. ing all triatomic fragments arising from the dissociation of ammonia, namely, H 3 2 and H 3 molecules, such a work has paved the way for obtaining a similar form for the larger NH 3 molecule by providing the involved two-body and three-body energy terms that arise in the cluster expansion of the molecular potential energy. In turn, NH 3 ( 3 A 2 ) can serve as a building block for the PESs of larger N x H y species such as those of relevance in the synthesis of ammonia, and hence, the current study may help to construct global DMBE forms for such polyatomic systems.
In the present work, a global, single-sheeted ab initio based PES for the 3 A 2 state of NH 3 is reported. As it will be shown, an accurate analytical representation of the PES is obtained by using the DMBE theory to fit extensive highlevel ab initio data to suitably designed functional forms. As usual, in the DMBE representation of four-atom molecules, the valence region is represented by polynomials multiplied by range-determining factors. Except for adding useful physical insight, this in no way limits the accuracy (and denomination) of the PES as a fully ab initio based one. In this regard, the switching function formalism developed for threeatom systems by Varandas and Poveda 35 is extended here to obtain an approximate single-sheeted description of the full dissociation scheme of the title system. Note that such switching-function formalisms are not unique, with other generalization of the switching-function 1, 35, 44 formalism being under development by the group of Varandas. It should be emphasized that the switching function utilized here describes smoothly the crossing between PESs, hence such crossings will be approximated by narrowly avoided ones. As calibration data, 1397 ab initio energies calculated at the multireference configuration interaction (MRCI) with the popular quasi-degenerate Davidson correction [MRCI(Q) (Refs. 47 and 48)] level have been utilized. Such calculations are employed for the full valence complete active space (FVCAS) wave function as reference and the aug-cc-pVQZ (such bases are generally denoted as AVXZ, with X being usually referred to as the basis-set cardinal number) of Dunning. 49, 50 We emphasize that the PES so obtained shows the correct long-term behavior at all dissociation channels while providing a realistic representation at all interatomic separations. The small number of required ab initio points is clearly an asset of the DMBE theory (obviously of any cluster expansion 51 ) by allowing the use of work previously done for the molecular fragments. Of course, if combined with vibrational calculations, it may also serve as an ab initio six-dimensional model that may afford sufficient flexibility to fit the available spectroscopic data, much in line with what has be done in the past with triatomic potentials. 52, 53 The paper is organized as follows. Section II describes the results of new ab initio calculations carried out for the 3 A 2 state of NH 3 , while the new switching function is discussed in Sec. III. The functional representation of the four-body energy term is presented in Sec. IV. The main features of the DMBE PES are discussed in Sec. V. Section VI presents the major conclusions.
II. AB INITIO CALCULATIONS
All ab initio calculations have been carried out at the MRCI(Q) 47, 48 level corrected by applying the size-extensive correction of Davidson 54 and using the FVCAS 47 wave function as reference. This involves eight correlated electrons in seven active orbitals (6A + 1A ) amounting to a total of 294 configuration state functions. The AVQZ atomic basis set of Dunning 49, 50 has been employed, and the calculations are carried out using the MOLPRO 55 package. For simplicity, core effects have been neglected by closing the core orbitals in the FVCAS and not correlating them in the MRCI. A total of 1397 ab initio points has been calculated, which were determined on two grids: The first one was generated in the most important regions of the global minima in D 3h symmetry; the second grid was generated to map the channel NH 2 + H H 2 + NH.
III. THE SWITCHING FUNCTION
The use of switching function to approximate the multivalued nature of a PES (i.e., to replace a crossing by an avoided crossing, and hence allow proper dissociation with a single-sheeted form) was first proposed by Murrell and Carter, 56 who applied the formalism in the construction of an approximate PES for the ground state of H 2 O. However, as noted in their paper, their switching function could not reach a unique value at the three-atom limit. To solve this inconsistency and get a smooth three-body energy term, Varandas and Poveda 35 proposed an improved switching-function formalism and applied it successfully to the ground state of NH 2 . A similar situation holds true for the title system, where the following dissociation scheme applies:
where for channels (4) and (5), the NH 3 ( 3 A 2 ) correlates adiabatically with their molecular fragments at different electronic states. It should be emphasized that the switching function utilized here describes smoothly the crossing between PESs, hence such crossings will be approximated by narrowly avoided ones. Thus, the PESs for Eqs. (4) and (5) dissociation channels will be represented by
where F is a function of the internuclear coordinates that varies smoothly between 0 and 1 in such a way that channels (4) and (5) are switched on/off conveniently in different regions of the configuration space. An appropriate function that describes approximately the desired behavior is
where R αβ represents the H-H distance, R A − αβ represents the distance of the N atom to the center of mass of reference H 2 , R Aα represents the distance of the N atom to the H atom, and A and (α, β) stand for the nitrogen and hydrogen atoms, respectively. In turn, ξ = 4.5. In addition, the range parameter R 0 A−αβ has been chosen to be a function of the H-H distance to allow a more realistic behavior as will be clarified later. Figure 1 shows selected cuts of the PES for the title system as a function of the N-H 2 (r 1 distance in Fig. 1 ) for different values of H-H separation. The function used to generate the profiles of Fig. 1 is an approximate DMBE PES for 3 A 2 state of NH 3 , truncated at the two-plus three-body contributions that were taken from the DMBE PES previously reported for H 3 ( 4 A ), 34 NH 2 ( 2 A ) 35 , and NH 2 ( 4 A ). 36 Both NH 2 potentials are switched using Eqs. (7) and (8) . The crossings between NH 2 ( 2 A ) and NH 2 ( 4 A ) are verified as illustrated in Fig. 2 . From Fig. 2 , we can see that taking into account the another H atom at the dissociation limit, the DMBE PES so obtained for 3 A 2 state of NH 3 reproduces "exactly" the energy for the given configurations. In fact, the curves in J. Chem. Phys. Table I . In fact, Eq. (9) has been found to be a quite suitable analytical form to represent the locus of intersection between the PESs for channels (4) and (5) is illustrated by the dashed line in Fig. 3 , showing an contour plot of the perpendicular insertion of the nitrogen into N-H 2 .
As pointed out elsewhere, 23 the group of all possible permutations involving the hydrogen atoms in ammonia is the symmetric group S 3 . Taking into account all permutation symmetry of the hydrogen atoms and using the switching function described above, the approximate cluster expansion of the PES for 3 A 2 state of NH 3 including one-, two-, and threebody contributions assumes the form, where
is the relative energy of the first excited state of nitrogen with a value of 0.09014 E h , and f (3) is the one-body switching function of NH 2 ( 2 A ) DMBE PES. 35 It should be noted that V (3) add in Eq. (10) is an extra threebody energy term. As noted in Ref. 43 , due to an overestimation of the dynamical correlation energy, each V (2) dc (R i ) term in the DMBE PES of NH 2 has been multiplied by a switching function j = i (1 − f j ) for the ith pair, 35 which transforms such contributions into three-body-like ones. Thus, an extra three-body energy term should be added to the terms. Taking into account the properties of the switching function j = i (1 − f j ) , such an additional term should be written as follows:
where R 3 k specifies the set of the three interatomic distances (one is R i ) referring to each triatomic fragment. When the additional term of Eq. (11) is taken into account, all the asymptotic limits of the tetratomic PES are reproduced. We should also note that the diatomic potential (H 2 ) originally employed in the H 3 DMBE PES [V (2) HH (R αβ ; H 3 )], which has been constructed using a different formalism, is used for NH 2 DMBE PES [V (2) HH (R αβ ; NH 2 )]. For consistency, we adopt, to represent the switching function f(R), the following generalized form, symmetric under permutation of H atoms:
where η, ζ , R Table I . In turn, f(R) is a function of the internuclear coordinates that varies smoothly between 0 and 1 in such a way that terms V (2) HH (R αβ ; NH 2 ) and V (2) HH (R αβ ; H 3 ) are switched on/off conveniently in different regions of the configuration space.
IV. FOUR-BODY ENERGY TERM
As a first step toward the four-body energy term V (4) , we have examined in detail all the features predicted by the PES when truncated at the V (1+2+3) level. As already noted in the previous section, this DMBE 1+2+3 PES shows the correct behavior while providing a fair representation at all interatomic separations. Thus, it has been found to qualitatively describe the NH 3 PES. By comparing the DMBE 1+2+3 surface with our own ab initio calculations, we have established the major differences that ought to be corrected by adding fourbody energy terms. We have found the following correction convenient: Note that T (n) in Eq. (13) is a range-determining factor that has been written as
where P (n) is a fourth-order polynomial written as 42
with S 1 , S 4 , and
being 10 totally symmetric integrity functions, 41, 42 which are invariant under permutation operation of any equivalent H atoms of NH 3 . Consequently, the NH 3 PES is totally symmetric under the permutation of any H atoms of NH 3 . Note that S i are the D 3h symmetric coordinates as we have suggested in previous work on the DMBE PES for ground state of ammonia, 1 but using a different set of reference geometries (R Table II . The linear coefficients appearing in Eq. (15) have been calibrated from a least-squares fitting procedure to our own 1397 ab initio points. Table III 
V. FEATURES OF THE NH 3 POTENTIAL ENERGY SURFACE
Figures 3−10 illustrate the major topographical features of the NH 3 ( 3 A 2 ) DMBE PES. Clearly, it has a smooth and correct behavior over the whole configuration space. Also visible are its D 3h minimum and the correct asymptotic behavior. Specifically, as show in Figs. 3 and 4 , the PES shows the correct long-range behavior at all dissociation channels while providing a realistic representation at all interatomic separations. Figure 3 shows a contour plot of the perpendicular insertion of the nitrogen into N-H 2 , keeping another hydrogen far away, and the (14) and (15) . intersection feature between the PESs for NH 2 ( 2 A ) and NH 2 ( 4 A ) in three fragments. Clearly, our DMBE PES can correctly reproduce the channels NH 2 ( 2 A ) + H( 2 S) and NH 2 ( 4 A ) + H( 2 S) of NH 3 ( 3 A 2 ) dissociation scheme. Moreover, as shown in Fig. 4 , the PES shows correct behaviors in channel NH(X 3 − ) + H 2 (X 1 + g ). As we predicted, no barrier is found in channels NH( Li et al., 58 and is found to be conforming with the results from other theoretical 26 and experimental works.
57, 59 Figure 6 shows the D 3h minimum, and also predicts a small barrier in channel NH 3 Figure 7 shows a contour plot of the DMBE PES for a C 2v insertion of a NH into H 2 , with a two-dimensional minimum being apparent, which corresponds to the D 3h minima. Moreover, as Fig. 7 clearly shows, the DMBE PES predicts a two-dimensional barrier for the NH 3 H 2 + NH channel in agreement with the calculated ab initio results, which used to fit the the fourbody energy terms. Figures 8 and 9 show the contour plot of the DMBE PES for the channel NH 2 + H NH + H 2 . Both plots predict a barrier for this channel, which is corresponding to the transition state connecting the NH 2 ( 2 A ) + H( 2 S) and NH(X 3 − ) + H 2 (X 1 + g ). However, comparing Figs. 8 and 9, we can see that the barrier height increases with the increasing the dihedral angle. Finally, Fig. 10 shows a schematic diagram of the energetics of the title system according to the DMBE PES reported in the present work. 
VI. CONCLUSIONS
We have reported a single-valued DMBE PES for the first excited triplet state of NH 3 . Partly based on detailed MRCI(Q)/AVQZ calculations, the tetratomic is also given in the present work. The analytical representation involved two main steps: first, the design of a global four-body switching function calibrated to ab initio data such as to account for the entire dissociation scheme of the molecule; second, the determination of a four-body energy term to be calibrated from a set of accurate ab initio energies such as to ensure an accurate representation of the the D 3h minima and the channel NH 2 + H H 2 + NH of the molecule. The DMBE PES shows the proper atom permutational symmetry. The main attributes of the first excited triplet state of NH 3 DMBE PES have also been characterized. These have been shown to be in fair agreement with previously limited theoretical calculations and experiment results. The PES so obtained shows the correct long-term behavior at all dissociation channels while providing a realistic representation at all interatomic separations, since we used a global four-body switching function to warrant that the PES dissociates to the correct asymptotes. It is therefore recommended for the dynamics studies and as a building block for the construction of DMBE forms for larger N x Hy species.
